Background: The peroxisome proliferator-activated receptor gamma (PPARG), Pro12Ala and the insulin receptor substrate (IRS1), Gly972Arg confer opposite effects on insulin resistance and type 2 diabetes mellitus (T2DM). We investigated the independent and joint effects of PPARG Pro12Ala and IRS1 Gly972Arg on markers of insulin resistance and T2DM in an African population with elevated risk of T2DM. In all 787 (176 men) mixed-ancestry adults from the Bellville-South community in Cape Town were genotyped for PPARG Pro12Ala and IRS1 Gly972Arg by two independent laboratories. Glucose tolerance status and insulin resistance/sensitivity were assessed. Results: Genotype frequencies were 10.4% (PPARG Pro12Ala) and 7.7% (IRS1 Gly972Arg). Alone, none of the polymorphisms predicted prevalent T2DM, but in regression models containing both alleles and their interaction term, PPARG Pro12 conferred a 64% higher risk of T2DM. Furthermore PPARG Pro12 was positively associated in adjusted linear regressions with increased 2-hour post-load insulin in non-diabetic but not in diabetic participants.
Background
Insulin resistance is a fundamental etiopathogenic factor for type 2 diabetes and is also linked to a wide array of other pathophysiological derangements including hypertension, hyperlipidemia, atherosclerosis and polycystic ovarian disease [1] . The gold standard method for assessing insulin resistance/sensitivity is the euglycemic hyperinsulinemic clamp [2, 3] , however, this technique is cumbersome, particularly for large scale epidemiological studies. Thus relatively simple, non-invasive alternative techniques validated against the euglycemic clamp have been proposed. The homeostatic model assessment of insulin resistance (HOMA-IR) [4] and quantitative insulin-sensitivity check index (QUICKI) [5] methods are commonly used for insulin resistance and insulin sensitivity, respectively. It is well recognised that the development of insulin resistance and type 2 diabetes is in part modulated by the gene-gene interaction processes.
The peroxisome proliferator-activated receptor gamma (PPARG) and the insulin receptor substrate (IRS1) genes have been shown to be associated with both insulin resistance and type 2 diabetes [6] [7] [8] [9] [10] [11] . The PPARG is a member of the super family of nuclear receptors reported to be involved in the regulation of adipocyte differentiation [12] , lipid metabolism and insulin sensitivity [6] . Several variants in the PPARG gene have been identified, with the most prevalent variant being the Pro12Ala polymorphism resulting from the CCA-to-GCA missense mutation in codon 12 of exon B that encodes the NH 2 terminal residue [13] [14] [15] . The proline which is the common allele is associated with increased risk whilst the alanine confers a protective effect against insulin resistance and type 2 diabetes [9, [16] [17] [18] [19] [20] . In contrast, the glycine to arginine substitution in codon 972 (Gly972Arg) of the IRS1 gene is associated with an increased risk of insulin resistance [21] . In view of the above, we investigated the independent and joint effects of PPARG Pro12Ala and IRS1 Gly972Arg on markers of insulin resistance and type 2 diabetes in the mixedancestry population of South Africa, a population with elevated risk of type 2 diabetes.
Results
Clinical characteristics of participants overall and according to type 2 diabetes status are summarized in Table 1 indicating that two hundred and twelve participants (26.9%) had type 2 diabetes. As expected, the distribution of the level of insulin resistance/sensitivity indicators was significantly different between the two groups (all p < 0.0001, except for glucose/insulin ratio (p = 0.016). Furthermore, compared with non-diabetic participants, those with type 2 diabetes had significantly higher levels of adipometric variables (all p ≤ 0.028), systolic blood pressure (p < 0.0001), triglycerides (p < 0.0001), GGT and CRP (both p < 0.0001), whilst eGFR (p = 0.015) and HDL cholesterol (p = 0.0001) were significantly lower.
IRS1 Gly972Arg and PPARG Pro12Ala variants were in HWE (p > 0.05) and their genotype and allele distribution by type 2 diabetes status is summarized in Table 2 . Overall, the genotype distributions of the two polymorphisms did not differ significantly between the two groups. However the allele G of PPARG (12Ala) was significantly more frequent in the diabetic subjects than in the non-diabetic subjects (13.7% vs. 9.3%, p = 0.012). The genotype frequencies, PPARG Pro12Ala and IRS1 Gly972Arg were 10.4% and 7.7%, respectively.
In generalised linear regression analyses adjusted for age, sex and type 2 diabetes (Table 3) , the IRS1 allele A (972Arg) was associated with none of the marker of glycaemia, insulin resistance or insulin sensitivity, both overall and in participants with and without type 2 diabetes taken separately; with no evidence of significant statistical interaction by type 2 diabetes status (all interaction p ≥ 0.330), except for 2 hour glucose where the effect size appeared to be greater although nonsignificantly among diabetic than non-diabetic participants (interaction p = 0.038). In similar generalised linear regression models (Table 3) the PPARG allele C (Pro12) increased 2 hour insulin levels in the overall cohort (p = 0.009) and in the non-diabetic group only (p = 0.0003) after stratification by type 2 diabetes status, with a significant statistical interaction (p = 0.017). Otherwise, the PPARG allele C was not significantly associated with the marker of glycaemia, insulin resistance or insulin sensitivity, both overall and by type 2 diabetes status; with evidence however that the effect on 2-hour glucose if any, could be more pronounced in people with type 2 diabetes (p-value = 0.002 for the PPARG allele C type 2 diabetes interaction). The main effects for IRS1 and PPARG did not change significantly when they were adjusted for each other in regression models with or without further adjustment for their interaction term.
In logistic regression models adjusted for each other, or containing age and sex, with and without further adjustment for markers of insulin resistance/sensitivity (Table 4) , neither the IRS1 allele A, nor the PPARG was significantly associated with prevalent type 2 diabetes. However, in the model containing both alleles and their interaction term, the PPARG allele C was associated with higher risk of prevalent type 2 diabetes, odds ratio (95% confidence interval) 1.64 (1.00-2.64).
Discussion
The mixed ancestry population of South Africa has one of the highest prevalence of type 2 diabetes in South Africa and sub-Saharan Africa at large [22] , however, genetic abnormalities that can fully account for this have not been identified. In this study, we show that PPARG Pro12 is significantly associated with insulin resistance and type 2 diabetes in this population. We observed that neither IRS1 972Arg allele nor PPARG 12Ala were associated with type 2 diabetes or insulin resistance/sensitivity, but in a model containing both the alleles and their interaction term, the presence of the PPARG Pro12 conferred a 64% risk of prevalent type 2 diabetes. Furthermore the PPARG Pro12 was associated with increased levels of 2 hour post-OGTT insulin. Overall, our findings convincingly demonstrate that PPARG Pro12Ala -IRS1 Gly972Arg interactions, PPARG Pro12 and susceptibility to environmental factors might modulate the relationship between insulin resistance and type 2 diabetes in this population.
The gene-gene interaction between IRS1 Gly972Arg and PPARG Pro12Ala is of interest because the two polymorphisms exert opposite effects on type 2 diabetes predispositions. The Gly972Arg is a functional polymorphism reported to impair insulin signaling in transfected cell lines and in human cells carrying the variant [23] [24] [25] . Although individuals carrying the Gly972Arg are reported to have a 25% increased risk for developing diabetes [10] , genome wide association (GWAS) studies involving subjects of European descent found no association between IRS1 and type 2 diabetes [26, 27] . On the other hand, the PPARG Pro12Ala, particularly the 12Ala has been associated with a reduced risk of type 2 diabetes and insulin resistance [9, [16] [17] [18] [19] [20] . As such, the polymorphisms of the IRS1 and PPARG genes have been shown to interact and elevate insulin sensitivity. This was evident in a study done by Stumvoll et al., [28] where the authors showed that insulin sensitivity was significantly greater in subjects with X/Ala (PPARγ2) + X/Arg (IRS1 972) than in subjects with Pro/Pro (PPARγ2) + X/Arg (IRS1) while no differences were observed in X/Ala (PPARγ2) + Gly/Gly (IRS1 972) and Pro/Pro (PPARγ2) + Gly/Gly (IRS1 972) carriers [28] . Similarly, the interaction between the two polymorphisms has been associated with higher adiponectin levels and the greatest increase was found in subjects who were homozygous for both PPARG alanine (Ala12Ala) and IRS1 glycine (Gly972Gly) [29] . Adiponectin is secreted by the adipose tissue and is inversely associated with obesity, insulin resistance, type 2 diabetes and cardiovascular disease [30, 31] . Taken together these reports including ours confirm the combined effect of the two SNPs on insulin resistance and type 2 diabetes.
Several epidemiological studies have demonstrated that PPARG Pro12Ala is associated with insulin sensitivity and diabetes mellitus [6] [7] [8] [9] . In the Human Genome Epidemiology (HuGE) meta-analysis involving 32 849 type 2 diabetes cases and 47 456 controls, the Pro12Ala was associated with a 14% lower risk for developing type 2 diabetes [8] . However, other investigators have failed to demonstrate an association between Pro12Ala and insulin sensitivity using the gold standard method for assessing insulin resistance/sensitivity, the euglycemic hyperinsulinemic clamp [32, 33] . The differences between studies have been attributed to body mass index and ethnic differences [7, 8] . The frequency of the 12Ala has been reported to be more frequent in Caucasians than in Asian populations [8] , but conferred significantly greater protection against type 2 diabetes among Asians than Caucasians (35% vs. 15%) [7] . However, when the authors adjusted for body mass index the differences were no longer significant [7] . In our study, the 10.4% frequency of Pro12Ala polymorphism is comparable to that found in Caucasians and the Pro12 was strongly associated with an increased 2 hour post-OGTT insulin levels in non-diabetic subjects. Our results further add to the growing body of evidence on the association of PPARG Pro12Ala, insulin resistance and subsequent type 2 diabetes. Herein we investigated a heterogeneous population, with 32-43% Khoisan, 20 -36% Bantu-speaking African, 21 -28% European and 9 -11% Asian ancestry [34] . Our present findings require replication in a larger study involving other homogenous population before they can be considered as established in Africa.
The strengths of the present study include the use of both fasting and OGTT derived indices for assessing type 2 diabetes and insulin resistance. OGTT derived indices have been found to be of superior predictive power to simple fasting indices of IR as they take post-load glucose-insulin interaction into account [35] . Furthermore, we made use of two independent laboratories to genotype our study population. The major limitation of our study is the statistical power of the study which was limited by the small sample size and the examination of gene-gene interaction effects reduced the sample further. In addition, we did not adjust for population stratification. Potential population stratification in unrelated sample may cause spurious positive or negative associations in population-based association studies [36] . To minimise this type of confounding in association studies, several approaches have been suggested that utilise specific informative markers and loci to model ancestral differences between cases and controls and subsequently correct allele frequency variations at candidate loci in populations. However, markers suitable for mapping disease genes or correcting for population stratification in the mixed ancestry are not yet available. Lastly, the nature of this study is cross-sectional with high female to male participation, the latter being a common trend in South African population studies.
Conclusion
Despite the above mentioned limitations, our results provide the first preliminary evidence for genetic predisposition to insulin resistance and subsequent type 2 diabetes in an African population with a high prevalence of type 2 diabetes. In conclusion, the PPARG Pro12 is associated with insulin resistance and this polymorphism interacts with an additional unfavourable genetic polymorphism, IRS1 Gly972Arg, to increase the risk of type 2 diabetes in the mixed ancestry population of South Africa.
Methods

Study setting and population
The study setting, survey design and procedures have been described in details elsewhere [22, 37] . Briefly, participants were members of a cohort study conducted in Bellville-South, Cape Town. According to the 2011 South African population census, the population is predominantly of mixed ancestry (76%) followed by black Africans (18.5%) and Caucasian and Asians making only 1.5%. Eligible participants were invited to take part in a community based survey from January 
Clinical data
All consenting participants received a standardized interview and physical examination during which blood pressure was measured according to the World Health Organisation (WHO) guidelines [38] using a semi-automated digital blood pressure monitor (Rossmax PA, USA) on the right arm in a sitting position. Other clinical measurements included the body weight, height, waist and hip circumferences. Weight (to the nearest 0.1 kg) was determined in a subject wearing light clothing and without shoes and socks, using a Sunbeam EB710 digital bathroom scale, which was calibrated and standardized using a weight of known mass. Waist circumference was measured using a non-elastic tape at the level of the narrowest part of the torso, as seen from the anterior view. The hip circumference was also measured using a non-elastic tape around the widest portion of the buttocks. All anthropometric measurements were performed 
Laboratory measurements
Blood samples were collected after an overnight fast and processed for further biochemical analysis. Plasma glucose was measured by enzymatic hexokinase method (Cobas 6000, Roche Diagnostics, Germany) and glycated haemoglobin (HbA1c) by turbidimetric inhibition immunoassay (Cobas 6000, Roche Diagnostics, Germany) this being a National Glycohaemoglobin Standardisation Programme (NGSP) certified method. Creatinine levels were measured using the standardized creatinine assay (Cobas 6000, Roche Diagnostics, Germany). Total cholesterol (TC), high density lipoprotein cholesterol (HDLc), triglycerides (TG) and γ-glutamyltransferase (GGT) were estimated by enzymatic colorimetric methods (Cobas 6000, Roche Diagnostics). Low density lipoprotein cholesterol (LDL-c) was calculated using Friedewald's formula [40] . Insulin was determined by a microparticle enzyme immunoassay (Axsym, Abbot). C-reactive protein (CRP) was measured by a high-sensitivity CRP assay, based on the highly sensitive Near Infrared Particle Immunoassay rate methodology (Immage® Immunochemistry System; Beckman Coulter), with a lower limit of detection of 0.2 mg/L.
SNP genotyping
Genomic DNA was extracted from whole blood samples collected in an EDTA tube. Single nucleotide polymorphisms (SNPs) in the IRS1 (rs1801278, G > A) [ 
Statistical analysis
Of the 946 participants who took part in the survey, 941 consented for genetic studies. Among the latter, 154 were excluded for missing data on the genetic variables. Therefore, 787 had valid data for the current analyses. General characteristics of the study group are summarized as count and percentage for dichotomous traits, mean and standard deviation (SD) or median and 25th-75th percentiles for quantitative traits. Traits were logtransformed to approximate normality, where necessary, prior to analysis. SNPs were tested for departure from Hardy-Weinberg Equilibrium (HWE) expectation via a chi square goodness of fit test. Linear regression models were used for the analysis of quantitative traits and logistic regression models for dichotomous traits, always assuming additive models for the SNPs. Using linear and logistic models enabled us to adjust all analyses for known confounders as specified everywhere in the results. We investigated the additive allelic association of each SNP with each trait, overall and according to type 2 diabetes status, and tested for heterogeneity by adding the interaction term of type 2 diabetes and each SNP to a model that contained the main effects of type 2 diabetes and the relevant SNP. Results corresponding to pvalues below 5% are described as significant. We did not adjust for multiple testing. All analyses used the statistical package R (version 3.0.0 [2013-04-03], The R Foundation for statistical computing, Vienna, Austria).
